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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-21k

EXPERTMENTAL INVESTIGATION OF SPIN-UP FRICTION
COEFFICIENTS ON CONCRETE AND NONSKID
CARRIER-DECK SURFACES

By Walter B. Horne
SUMMARY

A series of landing-impact tests was conducted with a carrier-type

~Jjet airplane main landing gear (dropping weight 6,630 pounds) to obtain

data on tire spin-up friction coefficients at touchdown on both concrete
and nonskid carrier-deck surfaces. Tire inflation pressures of 260, 320,
and 400 pounds per square inch were used. The concrete-surface tests
covered a forward velocity range from 76 to 97 knots and sinking speeds
of 12 and 16 feet per second for a strut inclination of 2.50 forward.
The nonskid carrier-deck tests ranged between 54 and 104 knots in for-
ward speed and from 12 to 19 feet per second in sinking speed for strut
inclinations of 2.5° forward and 5.1° rearward. Several impact and
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taxiing tests on a l%-—inch-diame er arresting cable were also conducted.

Results indicated somewhat lower spin-up friction coefficients for
the nonskid deck surface than for the concrete surface. The incremental
landing-gear loads developed by impacting on and taxiing over the

l% -inch arresting cable did not exceed about two-thirds of the static

vertical load (6,630 pounds) on the landing gear for the conditions
tested.

INTRODUCTION

One very important factor governing the design of aircraft for
the landing condition is the magnitude and variation of the drag load
developed during landing-gear-wheel spin-up immediately following ini-
tial touchdown. The importance of spin-up drag loads has been dis-
cussed in detail in reference 1. It is evident that the texture and
physical properties of the landing surface could play an important
part in this process. Past experimental research on the wheel spin-up



process, such as presented in references 1 to 4, has been limited to -~
land runways and especially concrete runway surfaces. A large percent-
age of the landings for naval aircraft types, however, are made on
aircraft-carrier deck surfaces, which for the later type carriers con-
sists of a special nonskid coating that has been troweled over smooth
steel decking. This nonskid coating is applied to the carrier decks
primarily to increase traction for personnel and equipment during deck
handling of aircraft while operating under adverse weather and sea con-
ditions. In addition, carrier operational requirements and landing
techniques are such that higher tire-inflation pressures and much higher
sinking speeds are usually encountered in carrier landings than for
equivalent land runway landings.
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Tests were conducted at the Langley landing-loads track to extend
the range of controlled test data on spin-up drag loads to include the
regime of carrier experience in both tire-inflation pressure and sinking
speed for both concrete and nonskid carrier deck surfaces. The purpose
of this paper is to present the results of these tests which show the
effect of runway or deck surface, sinking speed, and tire pressure on
the spin-up coefficients of friction. Also presented are some data on

the landing-gear response to impacting on and taxiling over a l% -inch-

diameter arresting gear cable stretched across the nonskid carrier deck
surface.

SYMBOLS
Fg horizontal (drag) force, 1lb .
FV vertical force, 1b
I moment of inertisa, slug—ft2 -
Py tire-inflation pressure (unloaded), lb/sq in.
Ty unloaded tire radius, ft
S length of strut stroke, ft
T temperature of runway surface, Op

t time after touchdown, sec
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w

horizontal velocity at touchdown, knots

vertical velocity at touchdown, ft/sec

weight, 1b

horizontal accelersation, gravity units

vertical acceleration, gravity units

tire deflection, ft

wheel angular

instantaneous

angle between

wheel angular

Subscripts:

a

avg

initial value

displacement, revolutions

tire-surface friction coefficient F
© ’ H,g/FV,g

shock-~strut axis and vertical, deg

velocity, radi a.ns/s ec

spin-up time history)

, time of maximum horizontal ground losd

at touchdown

time after touchdown

upper mass

lower mass

wheel and axle mass



APPARATUS

Test Vehicle

The tests were carried out by making simulated landings and taxiing
runs at the Langley landing loads track. The arrangement of the basic
elements of this facility is shown schematically in figure 1. The large
main carriage weighs approximately 100,000 pounds (fig. 2) and rides on
6-inch-square continuous steel rails located on each side of a 2,200-foot~-
long concrete runway. Located within this main carriage and traveling on
vertical rails is the drop carriage to which the landing gear (fig. 3) is
attached.

Simulated landings were made by accelerating the main carriage to
the desired forward speed by means of the hydraulic jet catapult (ref. 5)
and then releasing the drop carriage which was initially set at a height
based on the vertical velocity desired for the test. A constant 1lift
force approximately equal to the dropping mass (1 g wing lift) was applied
to the drop carriage when the desired vertical velocity was reached. ’
This force was applied throughout the impact. The taxiing tests were
made with zero wing 1lift.

Runway Surface

Figure 4 shows the nonskid carrier deck installed on the track run-
way. This deck was fabricated from 1/4 inch thick by 18 inches wide
steel boiler plate sections that were welded end to end to form a con-
tinuous strip approximately 200 feet long. Relative motion between the
deck and runway surfaces during an impact was prevented by the steel
clips attached to the edges of the nonskid deck shown in figure L.

Two coats of a nonskid compound were troweled upon the top of this
decking according to instructions given for the application of this
compound to carrier decks. This compound conformed to the specifica-
tions given in reference 6 for a nonslip, lightweight, and sbrasive-
filled synthetic binder-type flight deck compound.

Local asperities in the concrete runway prevented the test nonskid
deck from lying absolutely flush with the concrete surface. As can be
seen from figure 5, the magnitude of these asperities was at least as
large as 0.09 inch. Because of this condition, some small local defor-
mations to the steel deck probably occurred during an impact. It should
be pointed out that an actual carrier deck during an impact would prob-
ably encounter much larger local deflections due to its less stiff con-
struction. No attempt was made, in this investigation, however, to
assess the effect of deck deflection on the test results.

O N+t
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The runwsy was made from Portland cement concrete and its surface
texture is similar to Portland Cement Concrete runways in general use
today. TFor comparison purposes, a typical profile of the impact area
concrete runway surface (obtained from a plaster impression) is shown
in figure 5 along with a cross section of the nonskid carrier deck.
This figure shows that the nonskid deck was much more regular than the
concrete surface.

At the conclusion of the simulated landings on the concrete and
nonskid deck surfaces, several additional tests were made where the

test landing gear impacted on and taxied across a l%-—inch-diameter

steel arresting cable that was stretched across and rigidly attached
(welded) to the nonskid carrier deck. This installation is shown in
figure 6.

Landing Geaxr

The test landing gear (fig. 3) was a standard production gear that
is in use as the main landing gear on a carrier jet attack airplane
which has a gross weight ranging between 16,000 and 20,000 pounds. The
welight of the total dropping mass includling landing gear used in this
investigation was approximately 6,630 pounds.

The landing gear was set at an inclination of 2.5° from the ver-
tical (normal airplane landing attitude) for the simulated landings on
concrete. Gear inclinations of 2.30 forward and 5.1° rearward (3-point
attitude) were used for simulated landings on the carrier deck. The
landing gear was carefully positioned beneath the drop carrisge such
that the yaw angle and roll angles were zero. However, the unsymmetri-
cal location of the wheel axle with respect to the strut axis and the
structural flexibility of the landing gear were such that the rolling
and yawing moments produced by the tire forces on the gear introduced

substantial wheel tilting and yawing motions during impact.

The spot brake assembly including the brake disk was removed from
the gear in order to install the lower mass accelerometers. Weight was
added to the axle brake flange (in form of a steel plate) and to the
wheel (steel ring) in order to approximate the gear lower and rotational
masses with brake assembly installed. The lower mass (lower shock strut,
wheel, and tire) weighed approximately 126 pounds. A shock-strut inflae-
tion pressure (strut extended) of 55 pounds per square inch was used
throughout the investigation.



Tire

The tire (fig. 3) used in this investigation was a 24 X 5.5, type VII,
14 ply-rating rib-tread tire. According to reference 7, the rated static
load for this tire is 9,700 pounds at a tire-inflation pressure of 300
pounds per square inch. The weight of the rotating mass (wheel, tire,
instrumentation, and axle) was 78 pounds. The moment of inertia of the

rotating mass was O.78L4 slug-ft©. Tire pressures of 260, 320, and
40O pounds per square inch were investigated.

Instrumentation

The base of the lower shock strut in the vicinity of the axle junc-
ture with the strut (see fig. 3(b)) was mounted with strain gages by the
airplane manfacturer to measure forces parallel and normal to the strut
axis. The position of the strain gages on the strut was selected according
to procedures outlined in reference 8. These procedures determined strain-
gage locations on the strut such that the gage responses to loads other
than the primary load were at a minimum.

The applied ground forces were determined by correcting the axle
strain-gage loads for the effects of inertia forces 1lntroduced by the
wheel and other masses attached to the axle outboard of the strain gages
(force at ground equal to sum of axle strain-gage force and product of
total mass outboard of axle strain gages and the acceleration of this
maess). These corrections were obtained from accelerometers installed on
the brake flange plate and inside the hollow axle at the tire center line.
These accelercmeters were oriented so that they measured vertical and
horizontal accelerations, respectively, for the 2.5° forward landing-gesar
inclination.

The drop carriage is equipped with a six-component dynamometer
(fig. 3(c)) to measure losds and moments imparted by the landing gear.
Corrections to the dynamometer loads for the inertia forces introduced by
the upper (attachment fixture and outer shock strut) and lower (inner
shock strut, wheel, and tire) masses attached to the dynamometer were
derived from acceleration values of the upper and lower mass acceler-
ometers, respectively. The two upper mass accelerometers mounted between
the stiffeners of the landing-gear attachment plate of the attachment
fixture (fig. 3(d)) were oriented to measure vertical and horizontal
(drag) accelerations. The two lower mass accelerometers are shown in
figure 3(d) and were mounted on the brake flange plate. These acceler-
ometers were oriented 90° apart to measure vertical and horizontal
accelerations for the 2.5° forward landing-gear inclination. It should
be noted that the lower mass vertical accelerometer just discussed is the
carme instrument that was used to obtain the vertical inertia-force cor-
rection for the vertical strain-gage load.

oOnFrH



- v e

VN

The ground drag load was also determined from values of accelera-
tion measured by the angular accelerometer, mounted under the landing-
gear wheel cover on the wheel (fig. 3(a)), according to the method dis-
cussed in references 4 and 9. The wheel was also instrumented to measure
angular velocity and displacement.

TEST PROCEDURE

Before each simulated landing run, the landing surface was cleaned
and its condition of wetness or dryness noted. The surface temperature
of the landing area was measured by means of a mercury thermometer (shaded
from the sun). The landing-gesr wheel was enclosed in a canvas bag that
was secured by a rope to a fixed portion of the main carriage structure in
order to protect the tire from the water spray emanating from the jet cat-
apult during the accelerating portion of the run. This bag was retracted
from the tire (just before touchdown) during the coasting portion of the
run (jet catapult cut off) while the landing gear was being accelerated
vertically by the action of gravity in order to acquire the desired verti=-
cal velocity at touchdown. Immedistely after a run the touchdown ares of
the runwgy was examined and the condition of wetness noted.

For some runs, this bag did not fully protect the tire from the water
spray (tire became wet) and the initial tire contact region on the dry
runvay would be either wet or damp. It should alsc be noted that, for a
few runs, the operating conditions of the jet catapult and the wvelocity
and direction of the wind at the time of a run combined to produce a
condition in which the water sprgy from the jet overran the main carriage
and contaminated (wetted) the runway impact region shead of touchdown.

The canvas bag was not used to protect the tire from water spray
during the taxiing over cable runs. With this exception, the taxiing runs
were conducted in a manner similar to the simulated landing runs.

The results of studies made of high-speed motion-picture film teaken
of each run along with the observations on runwsy and tire wetness made
before and after a run determined the approximate wetness values for the
tire and runwey listed in tables I to III for each run.

Simulated Landings on Concrete and on Nonskid Deck Surfaces

A series of 15 landings was made to establish the friction-
coefficient characteristics developed between the tire and concrete run-
way. These tests were made with the shock strut inclined 2.5° forward of
the vertical for vertical velocities at touchdown of approximately 12
and 16 feet per second and for initial tire-inflation pressures of



260, 320, and 400 pounds per square inch. The forward or horizontal
speed at touchdown ranged between 76 and 93 knots for these runs.

A series of 24 landings was made to establish the friction-coefficient
characteristics developed between the tire and the nonskid carrier deck.
Most (15) of these landings were made with the shock strut inclined 2.5°
forward of the vertical for tire-inflation pressures of 260, 320, and
400 pounds per square inch and for vertical velocities at touchdown
ranging from epproximately 12 to 19 feet per second. The horizontal
velocity at touchdown ranged between 83 and 104 knots for these landings.
The remaining 9 landings on the nonskid deck were made with the shock strut
inclined 5.1° rearward of the vertical for a tire-inflation pressure of
320 pounds per square inch. Vertical and horizontal velocities for these
landings ranged between approximately 12 and 19 feet per second and 54 and
102 knots, respectively.

Landing and Taxiing Over l% =Inch-Diameter
:Steel Arresting Cable

A series of 3 landings was made on the arresting cable stretched
across the nonskid carrier deck (fig. 6) under conditions of @ = 2.5°
forward, Vy ~ 12 feet per second, VH ~ 98 knots, and p, = 400 pounds

per square inch. These landings were arranged such that touchdcwn on the
cable occurred before meaximum ground horizontal load, during maximum

horizontal ground loed, and during maximum vertical ground load on the
landing gear.

In eddition to these runs, L4 taxiing runs (Wing 1lift =0, Vy = 0)

were also conducted over the arresting cable. Test conditions for these
runs were p_ = 260, 320, and 400 pounds per square inch.

RESULTS AND DISCUSSION

The test landing gear was mounted with strain gages by the airplane
manufacturer primarily for use in future flight tests to be conducted
after the conclusion of the present investigation. Since the accuracy
of strain-gage-type ground-load measurements during flight tests in the
past have been relatively poor, the accuracy of the test axle strain-
gage installation was evaluated by comparing the strain-gage results with
the results from the standard track instrumentation.

OO\ F I
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Figure 7 presents a comparison of loads and friction coefficients
determined from the carrisge dynamometer, axle strain gages, and wheel
angular accelerometer along with appropriate inertia corrections for a
sample simulated landing. This figure shows that good agreement exists
between the different ground-loads measurements throughout most of the
impact time history. The reliability of the horizontal ground-load
measurement (axle-strain-gage method) was also confirmed by data obtained
from other test instrumentation as is shown in figure 8. Figure 8 com-
pares the change in momentum of the wheel with the ground drag torque
impulse acting on the wheel for a typical impact time history. The
data shown in this figure were obtained by use of the relationship

t
F - S)dt = I(m - u))
\./‘0 H,g (I‘O t ©

Analysis of the data shown in figures 7 and 8 along with other sim-
ilar data indicated that the best representation of the applied ground
forces developed on the test landing geear during an impact was actually
obtained from the axle strain-gage measurements rather than from the
standard track instrumentation (carriage dynamometer). This conclusion
was based on the fact that the carriage-dynamometer measurements had to
undergo two separate inertia-force corrections (upper and lower mass)
to arrive at the applied ground forces. The axle strain gages, on the
other hand, had to be corrected only for the acceleration of the smaller
wheel and tire mass located outboard of these strain gasges. Consequently,
the axle gtrain-gage measurements would be affected the least by any
errors developed in deriving these inertia-force corrections.

The test results indicate that, for the test landing gear, the
method of reference 8 produced strain-gage locations that were free
from large load interactions and that, when corrected for effects of
inertia forces, accurately represented the applied ground forces devel-
oped on impact up through wheel spin-up.

Except for the data in figures 7 and 8, all ground forces and
friction-coefficient data in this paper were derived from the sxle strain-
gage method since, as just explained, it is believed that this method
generally produced the most accurate representation of the ground forces
acting on the tire.

It should be noted that, for some simulated landing impacts, the
maximum coefficient of friction 4id not occur at the time of maximum
ground drag load. The maximum coefficient-of-friction values for these
particular runs generelly occurred at a time when the inertia~force cor-
rections to the saxle strain-gage loads were either relatively large or
changing rapidly. Because of these large corrections, a slight
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difference in phasing between the accelercmeter and strain-gage responses
would affect the derived friction coefficient considerably. In order to
minimize the effects of these corrections, the correlation of the data in
this paper is based on the friction coefficlents developed at time after
touchdown of maximum ground drag load rather than the maximum values. At
this particular time during the impact (see fig. 7) the inertia-force cor-
rections to the strain-gage loads are of small or negligible magnitude and
phase differences in the instrumentation would have little or no effect on
the friction coefficient.

Tables I and IT summarize all test data obtained from the simulated
landings on the concrete and nonskid deck surfaces that were determined
at the instant of maximum sround dresg load. Also given in these tables
are the values of the average spin-up friction coefficient Hayg devel-

oped during these landings.

Effects of Surface and Surface Wetness

Figure 9 compares ground-load and friction-coefficient +time his-
tories developed during landings on the concrete and nonskid deck sur-
faces at a sinking speed of approximately 12 feet per second and tire-
inflation pressures of 260, 320, and 4OO pounds per square inch. Similar
time histories are presented in figure 10 for landings on the concrete
and nonskid deck surfaces made at a sinking speed of approximately 16 feet
per second.

An attempt was made to conduct this investigation on dry tire and
runway surfaces. As previously explained in the test procedure, the pre=-
cautions taken before and during a run to permit testing on a dry sur-
face were not always successful and for some runs either or both the tire
and runway surfaces were contaminated to some degree with water at time
of touchdown. It was impossible to denote quantitatively the amount of
water present during these runs; however, a qualitative wetness value is
listed for each run in tables I to III by the use of terms such as wet,
damp, dry, and so forth.

The data given in tables I and II and figures 9 and 10 indicate that
the presence of water on either or both the tire and the different runwsy
surfaces generally resulted in decreasing both the average friction coef-
ficient Havg and the friction coefficient at time of maximum ground drag

load py and increasing the time required for wheel spin-up. These data

also tend to indicate that these effects become more pronounced as the
amount of water between the tire and runwgy surface is increased.

The comparison of matched landings on the concrete and nonskid deck
surfaces presented in figures 9 and 10 indicates that the instanyaneous

O OoNF
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tire-surface friction coefficients u developed on the nonskid deck are
considersably lower than those developed on the concrete runway under sim-
ilar landing conditions. The data shown in these figures and in tables I
and II also indicate that the time required to reach wheel spin-up is
consiberably longer for landings on the nonskid deck than for landings of
similar horizontal velocity on the concrete runway. Since the change in
momentum required of the wheel is the same for landings of equal hori-
zontel velocity, a longer time to wheel spin-up requires the torque

t

impulse k/p pFV g(ro - 6>dt acting on the wheel to be conducted at
O J

lower level or with a lower friction coefficient u.

As would be expected from this discussion, the experimental data
also indicated that values of tire-surface friction coefficient at time
of maximum ground drag load u, and the average tire-surface friction

coefficient Havg developed on the nonskid deck are considerably lower

than the matching values developed on the concrete runwsy. The lower
friction coefficients obtained on the nonskid deck are believed to be in
part due to the much more regular surface of the nonskid deck as com-
pared with the 0.09-inch deviations of the concrete runway. (See fig. 5.)

Effect of Strut Inclination

Figure 11 compares ground-load and friction-coefficient time his-
tories of landings on the nonskid deck made at the two strut incli-
nations tested. Care was taken in this figure to match runs having

approximately equal conditions of VV VH and p, so that the effect
> 2

of strut inclination on the ground loéds and friction coefficient during
landing on the nonskid carrier deck could be evaluated.

It can be seen from the data shown in figure 11 that the landings on
the nonskid deck made at the airplane 3-point attitude (cp = 5.].0 rearwvard)
experienced considerably more strut binding or friction during the impact
than did the landings made at the normal airplane landing attitude
(p = 2.50 forward). This observation was suggested by the larger vertical
and horizontal ground loads occurring to the 3-point landings during wheel
spin-up. These data alsc indicate that the effect of strut inclination
on the tirewsurface friction coefficients was small or negligible for the
conditions tested.
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Effect of Forward Speed

Grourd-load and friction-coefficient time histories obtained from
landings made on the nonskid deck at forward speeds ranging from 544
to 98.9 knots and having approximately identical conditions of VV, Pos

and @ are shown in figure 12. The variation of both W, and Havg

with forward speed is shown in figure 13 for all landings (10) on the
concrete and nonskid deck surfaces made at sinking speed of approxi-
mately 16 feet per second.

The data shown in figures 12 and 13 indicsate that the spin-up fric-
tion coefficients n, up, and Havg developed between the tire and both

test surfaces tended to decrease in megnitude with increasing forward
speed. This result is in agreement with results reported earlier in
references 1 and 4 for landings on concrete surfaces.

O O\F

Effect of Vertical Velocity

The effect of vertical velocity on the ground loads and friction
coefficients developed during landings made on the concrete and nonskid
deck surfaces illustrated by the data shown in figures 14 and 15. These
data indicate the u, Wy, and Havg decreased with increasing vertical

velocity for the simulated landings on the nonskid deck over the range

of vertical velocitites tested (12 to 19 feet per second). This trend
was not so clearly defined for the landings on the concrete runway becsause
of the limited data (only two vertical velocities tested, 12 and 16 feet
per second) and effects of water contamination of the scrubbing surfaces.

Effect of Tire Pressure

The variation of spin-up friction coefficients developed between the
tire and the test runway surfaces with tire-inflation pressure is some-
what obscured by the effects of surface wetness on the test results. A
trend for p, to decrease very slightly with increasing tire inflation

pressure for the concrete and nonskid deck surfaces is apparently indi-
cated in figure 16. However, the experimental data seem to indicate, in
general, that the spin-~up friction coefficients, that is, 4, Wy, and

Haygs 8re relatively independent of tire-inflation pressure for the tire-
inflation pressure range (260 to 400 pounds per square inch) tested.
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Landing and Texiing Over l%-Inch-Diameter

Steel Arresting Cable

Three landings were made on the arresting cable stretched across
the nonskid carrier deck (fig. 6) under conditions of ® = 2.5° forward,
Vy =~ 12 feet per second, Vg =~ 98 knots, and P, = 400 pounds per square

inch. These three landings were arranged such that cable runover
occurred (l) before maximum ground horizontal loead, (2) during maximum
horizontal ground load, and (5) during maximum vertical ground load on
the landing gear. Time histories of the loads and accelerations expe-
rienced by the gear during these landings are compared with an equiva-
lent landing on the nonskid deck time history (run 22) in figures 17
to 19. The incremental load increases experienced by the gear during
cable run over, obtained from figures 17, 18, and 19, are listed in
table III.

Four runs were also made during which the landing gear was taxied
across this cable under condltions of zero vertical velocity and zero
wing 1lift. Table III lists the incremental load increases over static
load (?V,static = 6,630 lb> developed while crossing the cable for

these runs. Time histories of loads and accelerations experienced by
the gear while taxiing over the cable are given in figures 20 and 21.

The data given in figures 17 to 21 along with table III indicsate
that the maximum incremental vertical and horizontsl loads developed at
either the landing gear or at the ground by impacting on or taxiing over
the arresting ceble did not exceed sbout two-thirds of the static load
(FV,static = 6,630 l§> on the landing gear axle for the conditions tested.

It should be mentioned, however, that these incremental loads would
not be representative of landings and taxiing runs having conditions
under which the tire would be bottomed or at a near bottomed condition
at time of cdable runover. Much larger incremental loads would be experi-
enced by the landing gear under such conditions since the tire would no
longer have the required deflection potential remaining to absorb or
swallow the cable.

CONCLUSIONS

Simulated landings using a landing gear of 6,630-pound static-losd
rating were made on concrete and nonskid deck surfaces over test ranges
from 54 to 10k knots horizontal velocity and from 12 to 19 feet per
second vertical velocity at touchdown for tire-inflation pressures
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of 260, 320, and 400 pounds per square inch. In addition, several sim-
ulated landing (zero vertical velocity) tests were conducted on a

3

1< = inch-diameter steel arresting cable for epproximately the same range

of horizontal velocity. The results of these tests indicated the following

conclusions:

1. The spin-up friction coefficients, u, Havg? and W, developed

on the nonskid deck were found to be considerably less than those devel-
oped for similar landings on concrete for the conditions tested.

2. The presence of water on either or both the tire and the test
surfaces at touchdown tended to decrease the magnitude of the spin-up
friction coefficients and to increase the time required for wheel spin-
up over the range of conditions tested.

3. The spin-up friction coefficients developed on the test surfaces
tended to decrease with both increasing horizontal and vertical velocity
at touchdown over the test range.

4. The spin-up friction coefficients developed on the test surfaces
appeared to be relatively independent of both tire inflation pressure
and strut inclination for the conditions tested.

5. The maximum incremental vertical and horizontal loads generated
by crossing the cable during simulated landing and taxiing tests did not
exceed sbout two-thirds of the static load (6,630 pounds) on the landing
gear.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Field, Va., October 27, 1959.
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Figure 1.- Schematic drawing of langley landing loads track. L-58-1693
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Landing-gear
attachment fixture

L-460

Strut-displacement
and veloci

Wheel instrumentation:
'Angular accelerometer
Angular velocity generaton
Angular displacement

(a) Strut inclination 2°30' forward; side view. L-58-1135.1

Figure 3.- Landing gear mounted for testing.
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(b) Strut inclination 2°30' forward; front view. L=58-1136.1

Figure 3.- Continued.
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ent fixture’

Strut inclination 2°30' forward; rear view. L-58-113L.1

Figure 3.- Continued.
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ccelerometers

(d) Strut inclination 5°5' rearward; side view. L-58-1758.1

Figure 3.- Concluded.
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Nonskid compound 3
(2 coats)

Concrete surface
(plaster impression)

L-59-653.1
Figure 5.- Comparison of nonskid carrier-deck and concrete-runway
surfaces.

T.-LAN



27

T 1£L1-86-1

"H{O9pP JII3TJIIBO

UOI30W JO UOT3O9IId

091

PIYSuou UO UOT3BITBISUT STQBO JUTISSIIY -'9g SJINITJ

u»nwu,wqumunhw;

&




28

60¢ X 103 60 X 103 Fv (strain gage)
~——Fy (carriage dynamometer) — -Wneel and axle mass inertla p
_ _ _ Upper mass inertia (w; z) Gny z3) 7
yol —— - Lower mass inertia (w2 22) ot P 4
L~
o P
—
5 20 201
o
=]
2
- a
b4 3 . L rs - -
S oo o . ;
>
£l
g \»
-20L -20
FH (strain gage)
12¢X 103 12-x 103 — ——- Wheel and axle mass lnertla
—Fy (carriage dynamomcefr) v, ¥2)
- — -Upper mass inertia (Hl xl) 373
8 ——-Lower mass inertla (w, x,) sk
A b
< -
] i 0 L -z ‘1‘\ el A I )\’\.
[ Ay e t N -
S .- v N
4 \ ~-
=} v !
3 o
5 RS
=
o
-8r -8
_12L =12
60-X 103
—— Strain gage (corrected)
- - Carriage dynamometer (corrected)
50| —- Angular accelerometer method
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- —— Strain gare
3 N - - Carriage dynamomcter
1 - 1 (angular accelerometer method)
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g - i age thod
T & et Y,z (strain gage method)
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W
8 W
=
o
-
o
o
-
&
_ 1 L
.08 .10 .12

Time after touchdown, t, sec

Figure T7.- Typical comparison of simulated landing impact time histories
of loads and friction coefficients obtained by the different load
measuring methods. Run 30.
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Q
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[
1
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—~ 80 |
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s Time of maximum
2 / ground drag load
g )
¥ 60 /
»
3 /

‘7 Drag torque impulse
Lo - if (based on axle strain gage)
/
// — — — Wheel change in momentum
/ (vased on wheel angular velocity)
/
{
20— /
{
/
/
/
/
1 1 1 i 1 1
Y .02 +0L <06 .C8 .10 .12

Time after touchdown, sec

Figure 8.- Typical comparison of the drag torque impulse acting on the

wheel during an impact with the resulting change in momentum of the
wheel for run 3.
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a8f __ -2 |concrete| 12.5 | SL.B | ‘mamp | DTV | 56
©
2 Nonskid 12.8 100, bry Dry 55
9 deck
Lal
o
<
L
o
o
a
[
Ll
+
©
-
13
[
] L | \ | N
08 .10 .2 RUREERTIST .20

(a) Pg = 260 pounds per square inch; @ = 2.5° forward.

Figure 9.- Comparison of impacts on concrete and nonskid carrier deck
surface for approximately 12 feet per second vertical velocity at

touchdown.

Time after touchdown, t, sec
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18 -X 103 : /

Ground load, 1lb

el
- 7
1.0 Run i Surface Vv, VH, Tire Runway T,
: ft/sec knots °F
1
7 | Concrete 12.5 90,k ngm;r Dry sl
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- 6 | Concrete 12.3 79.6 Dry Dry 52
g
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4 18 | Nonskid 12.h 92.6 Wet Dry 61
S~ deck
L
o
o
o
o
o
1
B / \
o
bl
5
\
L 'l L 1 1 1 L i
0 .02 N «06 .08 .10 .12 1k .16 .18 .20

Time after touchdown, t, sec
(b) p, = 320 pounds per square inch; @ = 2.5° forward.

Figure G.- Continued.
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(c) Py = 400 pounds per square inch; @ = 2.5° forward.

Figure 9.- Concluded.
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Friction coefficient B
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() p, = 260 pounds per square inch; @ = 2.5° forward.

1 L ) I
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Figure 10.- Comparison of impacts on concrete and nonskid carrier deck

surface for approximately 16 feet per second vertical veloci

touchdown.
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(b) Py = 320 pounds per square inch; @ = 2.5° forward.

Figure 10.- Continued.
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Figure 10.- Concluded.

Wl

Ul



36

20X 103

16

~
[\%

Ground load, 1b

L
:1..6
o Run | o, Vy, Vy, Tire | Runway | T,
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Time after touchdown, t, sec

(&) Vy = 12 feet per second; Vy =~ 92 knots.

Figure 11.- Effect of landing-gear inclination on ground load and fric-
tion coefficients developed during simulated landings on the non-
skid carrier deck. p, = 320 pounds per square inch.
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Ground load, 1b

Friction coeffilcient, p
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(b) Vy = 16 feet per second; Vg = 95 knots.
Figure 11.- Continued.
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Ground load, 1b

Time after touchdown, t, sec

(¢) Vy = 17 feet per second; Vg =~ 95 knots.
Figure 1l.- Continued.
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Ground load, 1b
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(d) Vy = 18 feet per second; Vg =~ 103 knots.

Figure 11l.- Concluded.
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Figure 12.- Effect of forward speed on the ground load and friction
coefficients developed during landings on the nonskid carrier deck
surface. P, = 320 pounds per square inch; Vy = 15.6 to 16.L4 feet

per second; ¢ = 5.1° rearward.
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Time after touchdown, t, sec

(a) @ = 2.5° forward.

Figure 1lk.- Effect of vertical velocity at touchdown on the ground
loed and friction coefficients developed during landings on the
nonskid carrier deck surface. py = 400 pounds per square inch;

Vg = 86.6 to 104.3 knots.
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Figure 1lk.- Concluded.
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] Wet Dry
O Dry | Wet
A Wet | Wet
Average friction coefficient Friction coefficient at time of maximum
ground drag load.
1.0 (
q (o]
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.5 $ ¢ A
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o L ] 1 i ] 1 i J
(p) Vv = 11.9 to 12.5 feet per second; Vy = 90 to 95 knots; concrete,
1.0 —
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B
& 5k 9 ol < <
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0 1 Il 1 1 ] 1 ] |
(c) Vy = 15.8 fo 16.4 feet per second; Vg = 76 to 85 knots; concrete,
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0] A o
S F o
D A <
o —t— ' — L. 1 i i 1
(a) vy = 16,0 to 16,1 feet per second; V3 = 92 to 97 knots; concrete.
1.0 ~ —
5t @ o)
b © ©
o 8
0 1 ] 1 1 1 1 1 |
(e) Vy = 12.3 to 12,6 feet per secondy VH = 90 to 101 knots; nonskid deck.
1.0 -~ -
| L
o5 o > >
b o o
Q $ i L 1 L | ], |
260 300 340 380 420 260 300 340 380 420

) Vy = 15.9 to 16,5 feet per second; VH = 83 to 96 knotsi nonskld deck.
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Figure 16.- Effect of tire-inflation pressure on the spin-up friction
coefficients developed on the nonskid deck and concrete surfaces.

Vy = 12 and 16 feet per second; Vg = 76 to 101 knots;

¢ = 2.50 forward.



-~ bl
9 20X 103 E 10-x 103
o]
o ~
i =zl 'g ”
© 7 \
5 f‘ Ry g ;C_‘l : iy / \‘
° . NIy N > B . A
& = L, v/ o YT L] 0 4 A Pt e |
2 10 ; - R
- ind ) ~
« -9 i +©
© ] g
-t 1 N
4 I J -
] &
@
3 { 1 N J ;S
o] =10+
. 2orX 103 - 10X 103
«
g o a
© o= - i~
—= - /
"‘p NP ~a : N 3
«
i ~ A £ RN )
g = 10 N § @ D I P
- = N S - 0 — —— |
‘: -~ [/ -.—qh:ﬁ X7 7 w
o = AN )
<} I o
£l
) &
3 K
< i L 1 1 L‘:
0 ~10%-
r
\
(Y 0 50r i
- iy
& s h
H) * h
-~ ~ N 7N
o °© i /\ \ ~
3 b o [/ A W T LA RPN
b} o I hid N
o b Ny (] i /
£t o v I
[} 3 ey it
< o % )
© 31 e
g & i
-50 v ~50 W
L7 :“3 5 u
S £
-~y (o]
+> N
= o
= 5
-100- B _100f L | ! |
0 .05 .10 .15 .20
Time after touchdown, t, sec
=
[
Eal
+
@
£
[
=
o
g Run | Vg vy Hunway Tire
« » ’
':_'u ft/sec knots
g — 22 12.3 97.0 Dry Dry
>
E -7 7| ko 12,5 99.0 Dry Dry

1 1 i |
% .05 10 15 .20
Time after touchdown, t, sec

Figure 17.- Comparison of a 12-feet-per-second sinking-speed impact
on the carrier deck surface (run 22) with a similar impact on the
l%-inch—diameter arresting cable (run 40). Impact on the cable
occurred before F
¢ = 2.5° forward.

g max? Po = 400 pounds per square inch;
s A=

L=460




L-460

<  20-x 103
@
o ’
- "
r [28)
o P
g,g PP AL A
2‘4 IR N
%% 101, )
o [ p W
> i
i
Ral
pe]
1
S 0 ! 1 ! ]
20-x 103
-
o ’
g o e~
H,o ,,,,, ! L7
)t AN A
o
hed % 101 y
[T, 7
=
g /
3
< 0 1 L i 1

Vertical acceleration, Zyy B

]
wn
=)

T

-100+

Zy1 8
o

Vertical acceleration,

e

)
£

\\
’)
\Ei;
<
AN

-~

<

<

| 1
.05 .10
Time after touchdown,

1
jas
Ol

|
.15
t, sec

«20

Horizontal ground load,
Fr.p» 1b
8

1b

Axle horizontal load,
F.
H,a’

Horizontal acceleration, x3, g

b
o
1
>
[
o
v

o

1
b
[

T

10-X 103

]

o

O
T

W
o
1

-100

o
<

1 ! It i
.08 «10 .15 «20
Time after touchdown, t, sec

kun Vy VH Runway Tire
> 3
ft/sec knots
22 12,3 97.0 Dry Dry
Ll 12.3 9340 ory Dry

Figure 18.- Comparison of a l2-feet-per-second sinking-speed impact
on the carrier deck surface (run 22) with a similar impact on the

]%- inch-diameter erresting cable (run 41). Impact on the cable

occurred at t = 0.045 second (at FH,g,max>5 P, = 400 pounds per

square inch; ¢ = 2.5° forward.



48

o
S 20-X 103 » g 101 X 103
o i -
o i
[l hel
a o~
'E.O ?,r—q \
§H B . D = A
5% P S A N A AT et
Y- @ i N oM U
> hii-H
af b o
-t 8
s =
: gL
s -10
20r X 103 $ 10X 103
o <)
< ~ “
o ‘
— ~ A .
@ Ve I~ g - - - B
S~ 10 = ~ S % o i \ ‘ N L
- r:“ N o \ h \ ,’ P
B A e B S
> /'/ = (4
Y ‘/ ©
— if -
% R
0 L I I _ ~10
1001~ o 50
” o ( -
2 o \ A
. \ N
oN 8 \ BN AN /.le\
- =] /
£ sok - o VARV Y NI
g 3 VA W AT e
4; iy ,'; 7/ ; \ , IMA'/J
) W
; E i Ir \Vl ‘h}
— © ' [
[ - A o , ! v
o ol AT T ek - © 0 V!
< ¥ AL i 5 7 ’
\ v v ./
3 2
o 9]
-~ ~
+ sl
H [
= 50 2 I 1
= -50L
-1005 .05 .10 5 220
Time after touchdown, t, sec
§ 8r
e
& it f
! A [
5 \ SN N
g NAT T A I‘«/‘ll’/U B v v Ti
. :_‘ 0 V4 \J' i} un v, N, Runway ire
H-N ft/sec ¥nots
(o]
8 — | 22 12.3 97.0 Dry ory
'E I AR V4 12,2 100.7 Dry Dry
> _a 1 ! ! s
‘0 .05 .10 .15 .20

Time after touchdown, t, sec

Figure 19.- Comparison of a 12-feet-per-second sinking-speed impact
on the carrier deck surface (run 22) with a similar impact on the

l%-inch-diameter arresting ceble (run 42). Impact on the cable
occurred at t = 0.145 second (at FV,g,max)5 P, = 400 pounds per

square inch; ¢ = 2.5° forward.

T.-L60




L9

S

2rX 103

¢pBOT punoad TejUOZILOY

/,

/
N

\

/r—Cable Tun over
/
)
0
)
\
X\ k

x 103

0

©

2|

‘
qr «®'Hy

=]
@
o
—

d

J_ P\V, static

|
-_\

10

06

«O4

.02

TBjUCZTJIOY ITXY

12-% 103
12X 103

J

qt *¥*A4 ¢peoT pumosd TEoTIIEp

8|
y-

at *®*Ag ¢pror TeoT3IEA

09t="1

0

=20

-h(i)

38JI9Ta008 [BIUOZTIOH

ol

3 ¢Cz ‘UoT3ITIGTEVVE TEOTIIp

Time, sec

S delel e
I a2
2 lale|e
O -1 E R
=
ol o e | o
So|l &g | &
=glo|le | o
R
N
- [=3 [o]
o~ m o~ e
[Ny B ) o
B
5 w e
® M =g =

[
|
'
[

.10

+08

06

Ol

«02

yr

g ¢Iz fuo}3BISTID0E [BOTIISN

Time, sec

Figure 20.- Effect of tire-inflation pressure on landing-gear loads and

accelerations generated by taxiing over a l% -inch-diameter arresting

cable. ¢ = 5.1° rearwvard; Vy

’

= 6,630 pounds

0; Fy, static

1lift = O.

wing



50

.10

-
1
J

N
Tire
bry
Drv

/
.
Nem
Runway
Dry
Dry

[—Cable run over
AY
\
/\\\
\ |
\
\
\
-
hat"d
-~
-
/I
4
\/
A
«06

/
/
'
i
!
!
i
!
i
'
sec
VH’
knots
97.7
2949

“. P -
- e ¢
lllllllll N mm
/
& & s ¥l %y e
/ ° ° | <& W
/ 5]
1 ) & 213
)] Y _ Mw X
/ . |
3 ? " !
\
1 g [ )
[ < '
RE—— L i W mw
o~ (=] n¢ o (=3 nq MN am \ﬂ
ww
at «° By qr ¢'Hy
‘peOT pumnodd TBIUOCZTIOH ¢pROT TBIUOZTIOY BTXY 3 hm.u.n ¢uoT3BI8TE008 TBIUOCZTIOH
7 7 b

/‘FV, static

L-460

-gear loads and

ing

NASA - Langley Field, Va.

.10

Vy = 05 Py static = 6,630 pounds;

.08

b4

.06

sec

Time,

5.1° rearward

.02

- Effect of shock-strut inclination on land
cp::

\
/ ' | .
! ! i 1
' 4 B i)
/ 1 ’ b ,
i 4 ! /
" / - /
[=] o ’ il
o P - / i
¢ ’ b ! \f
L | | ! 1 i ! | ] 1 | L
m“ @© & [ o « 3 [=] Mw mw HW a4 o~ =) D |ﬂ
qtr ¢¥‘Ay ‘peor pumoas TeofIaep qr $BA4 ‘peoT TeoTjdeA eTXY 3 4Tz ‘uopivaatesve [EOTIIBA 3 ¢Tg ‘uoTyeieTeddw TBOTIISA

accelerations generated by taxiing over a l%-—inch—diameter arresting

wing 1ift = O.

Figure 21.
cable.




